A quark model, which reproduces the ground-state mesons and baryons, i.e., the threshold energies, is applied to the qqqcc configurations, where q is a light quark and c the charmed quark. In the calculation, several open channels are explicitly included such as J/ψ + N , ηc + N , Λc + D, etc. To distinguish genuine resonances and estimate their width, we employ Gaussian Expansion Method supplemented by the real scaling method (stabilization). No resonance is found at the energies of the Pc(4380) and Pc(4450) pentaquarks. On the other hand, there is a sharp resonant state at 4690 MeV with J = 1/2 − state and another one at 4920 MeV with J = 3/2 − state, which have a compact structure.
I. INTRODUCTION
During the past decades, several experimental candidates have been proposed for hadrons beyond the ordinary quark-antiquark and three-quark structures: baryonium, supernumerary scalar mesons, light pentaquarks, etc. However, most of them have not been confirmed in experiments with high statistics and better resolution, or their interpretation as multiquarks has a little faded away. A new era has begun with the discovery of the X(3872) in 2003 [1] and several other XY Z states with hidden charm. Another striking result is the observation of the P c pentaquarks by the LHCb collaboration [2] . For a review, see for instance [3] [4] [5] [6] [7] . It is now widely accepted that the spectrum of hadrons is not restricted to the excitations of ordinary mesons and baryons, and extends to multiquark configurations with hidden or open flavor.
Concerning the hidden-charm pentaquarks, there are many theoretical approaches: quark model approaches with different interactions [8] [9] [10] , quark-cluster model [11] , diquark models [12] [13] [14] [15] [16] 16] , and hadronic molecular picture [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The observation channel con- * Electronic address: hiyama@riken.jp † Electronic address: hosaka@rcnp.osaka-u.ac.jp ‡ Electronic address: oka@th.phys.titech.ac.jp § sists of a proton and a J/ψ, suggesting as quark content cc attached to light quarks. In the hadronic molecular description, the P c states couple to both open charm and hidden charm hadrons in channels such as J/ψ p or DΣ c , and hence whatever dynamical scheme is adopted at start, the detailed properties are sensitive to all surrounding thresholds and their interactions.
Within the quark-model picture, the technical aspect of this competition between multiquark and hadronhadron components deals with finding a reliable solution of the model in the continuum. In the literature on the quark model (including by some of us), the bound-state formalism has often been used without caution for states in the continuum. To be more specific, if a crude trial wave function gives for some multiquark configuration an energy E = −100 MeV below the lowest threshold, it is not too far from the exact solution within this model. On the other hand, an energy E = +100 MeV above one of the thresholds might be meaningless. Refining the trial wave function should lead to convergence towards the lowest threshold. Identifying a resonance within a given model requires dedicated methods. One of such methods is the technique of real scaling along the fall-apart coordinate, starting from a rich variational function that includes several types of clustering.
In Ref. [30] , two of the present authors (E.H. and A.H.) studied the Θ + state as a uddss five-body problem, taking explicitly into account the K N scattering channel.
scaling to a quark model calculation. The present article is devoted to the hidden-charm pentaquarks P c , treated as a uudcc system, with account for all possible open channels such as Λ c + D * , Σ c + D, Σ * c + D, etc. This is a rather delicate and lengthy calculation, but rather rewarding: most states appear as building a mere discretization of the continuum, but there are some striking exceptions which can be identified as genuine resonances in the model. The paper is organized as follows. In Sec. II we present Hamiltonian and the method. The results are displayed and discussed in Sec. III. Finally we summarize our findings in Sec. IV.
II. HAMILTONIAN AND METHOD
The Hamiltonian, which corresponds to a standard non-relativistic quark model, is given by
where m i and p i are the mass and momentum of the i th quark, λ i represents the eight color-SU(3) operators for the i th quark and T G is the kinetic energy of the centerof-mass system. Here, we label the light quarks, u and d, by i = 1 to 3, and heavy (charm) quarks, c by i = 4 andc by i = 5.
For the quark-quark interaction, we use the potentials proposed by Semay and Silvestre-Brac [37, 38] . The functional form of the potential in the r-space is given by
where the smearing parameter r 0 is a function of the quark masses, r 0 (m i , m j ) = A(
Two sets of parameter choices, AP1 and AL1, are employed in the current analysis and listed in Table I .
Both sets reproduce rather well the masses of the ground states of heavy meson and baryon systems. In Table II , the calculated spectra using AP1 are listed. The mass spectrum by AL1 is almost identical to that by AP1.
The five-body Schrödinger equation
corresponding to the Hamiltonian (2.1) is solved by using the Gaussian Expansion Method (GEM) [31, 32] which was successfully applied to various types of three-and four-body systems [33] [34] [35] . For a variant, see, e.g., [36] .
We describe the five-body wave function using the four types of Jacobi coordinates shown in Fig. 1 . Among them, C = 1 and 2 are the configurations in which two color singlet clusters, such as
Σ c D and so on may fall apart along the inter-cluster coordinate, R (c) (C = 1, 2). Namely, for C = 1, the color wave function is chosen as the product of color-singletplus color-singlet cc, which corresponds to η c N and J/ψN configurations. For C = 2, it is given as color-singlet qqQ plus color-singlet qc, which corresponds to Λ c D, Σ c D, and Σ c D configurations. In contrast, the other two configurations C = 3 and 4 do not describe color-singlet subsystems falling apart, and represent the five quarks as always connected by a confining interaction. In this sense, we call C = 3 and 4 as the "connected" (confining) configurations.
The full wave function Ψ JM is written as a sum of components, each described in terms of one of the four Jacobi coordinate systems, namely
where C specifies the set of Jacobi coordinates and ξ
S(ssσ) represent the color, isospin and spin wave functions, respectively. The orbital wave functions with appropriate orbital angular momenta are described by
. A 123 denotes the antisymmetrization operator for the light quarks (1,2,3). We consider the states with the total isospin T = 1/2 and the total spin S = 1/2 or 3/2. In the present analysis, we take the total orbital angular momentum L = 0 only. Then the total spin-parity is either J P = 1/2 − or 3/2 − . According to the LHCb experiment, the observed pentaquark states may have 5/2 − or 3/2 + . However, in the present calculation, the energies of the states with total angular momentum larger than 3/2 or with positive parity are located at much higher masses.
The color-singlet wave function, ξ
1 , for each Jacobi configuration is chosen as
The spin and isospin wave functions are given by
The spatial wave functions for each channel (C) are expanded by multi-range Gaussians multiplied by spherical harmonics as
Here, it is important to choose the Gaussian ranges to lie in geometric progression so that the basis functions are suitable for the descriptions of both short-range correlations and long-range asymptotic behavior without introducing too many free parameters (see, for example, Refs. [31, 32, [39] [40] [41] [42] [43] ):
In Eqs. (2.8) and (2.9), the channel index (C) is omitted for simplicity, for example, r (c) is replaced by r. The dimension of the basis of Gaussian wave functions, n max , ν max , N ′ max for C = 1 to 4 channels and N max for C = 3 and 4 channels is 5 or 6. And there are N max = 10 Gaussian basis functions for C = 1 and 2. Since these are scattering channels, it is necessary to have many basis functions. Thus in diagonalizing the five-body Hamiltonian for J P = 1/2 − and 3/2 − states, we use about 40,000 basis functions, resulting in the same number of eigenstates for each J P . It should be noted here that all the obtained eigenvalues are discrete, as the wave function for R (C=1,2) is expanded on a finite basis of functions localized within R < ∼ 2 R N . Namely, even the continuum states corresponding to the baryon-meson scattering solutions come out as discrete states. Therefore when we look for a compact pentaquark state, appearing as a sharp resonance embedded in the continuum, we need a method to distinguish the genuine resonances from the discretized scattering states. Here we adopt the real-scaling (stabilization) method, often used for analyzing electron-atom and electron-molecule scattering [44] , and already introduced in a previous quark-model calculation [30] . In the present case, as we have explained in the definition of the Jacobi coordinate systems, the continuum spectrum arises only from the factors of the wave functions that depend on R (1) or R (2) . The factors of wave functions that depend on the coordinates other than R (1) and R (2) cannot have asymptotic states due to their colored configurations. We therefore scale the basis functions for the expansion of the wave functions along R (1) and R (2) . To do this, we multiply all the range parameters simultaneously by a factor as R N → αR N . Then any continuum state will fall off towards its threshold, while a compact resonance state should stay as it is not affected by the boundary at a large distance.
III. RESULTS
Let us start with the calculation without the contributions from "continuum" (scattering) states. This corresponds to a conventional estimate in the quark model without coupling to fall-apart decaying channels. In our scheme, this can be done by including only the connected Jacobi coordinate systems, C = 3 and 4 of Fig. 1 . Solving the five-body Schrödinger equation for spin-parity J P = 1/2 − and 3/2 − states, we obtain the masses shown in Fig. 2 . We find that all the eigenvalues are found above the lowest meson-baryon threshold, η c N or J/ψN . Nevertheless, as our wave function contains only the C = 3 and 4 components, all the obtained states appear as "bound states" without the contribution from scattering states.
For the spin-parity J P = 1/2 − , the lowest state appears at 4119 MeV, which is above the hidden charm threshold, η c N and J/ψN , and below the open charm one of Λ c D. This result is compatible with, e.g., Ref. [45] , which uses the potential AL1. The second and third states appear at 4236 MeV and 4497 MeV, respectively. These states lie around the LHCb pentaquarks (4380 MeV and 4450 MeV) though their spinparity assignments are different from those of the preferred ones (3/2 − and 5/2 + respectively). In addition, we find several states around and above 4500 MeV. For J = 3/2 − , the lowest state appears at 4221 MeV, whose energy is higher than the lowest J P = 1/2 − state by about 100 MeV. It is, again compatible with Ref. [45] . It is followed by the second state at 4577 MeV, which is a region of several open channel thresholds.
For complete analysis, we need to include the scattering configurations such as+ cc and qqc + qc. This can be achieved by including the C = 1 and 2 configurations in our formulation. Now, the coupling of the scattering states may cause some (in fact many) of the "bound states" to disappear, melting away into the continuum spectrum. This was already pointed out for the Θ + pentaquark [30] . In the present case, the number of thresholds is significantly larger than that for the Θ + system, and therefore the effects of the coupling is more pronounced. For instance, we have nine thresholds opening within 700 MeV from the lowest threshold in J = 1/2 − configurations, as indicated by the dashed lines in Fig. 2 .
In order to investigate the nature of the bound states shown in Fig. 2 and their fate due to the coupling to scattering states, we investigate the behavior of the connected states coupled by a scattering state one by one in the real scaling method. Namely, we scale the range parameter R N of the Gaussian basis (see in (2.8)) as R N → αR N for the Jacobi coordinates of C = 1 or 2 i.e., R N = R N . The eigenvalues corresponding to scattering states will fall down towards the threshold of the scattering state as the scaling factor α increases. On the other hand, resonance states will stay at a resonance energy independently from the scaling parameter α.
To illustrate our method, let us study the two "connected" states, the one at 4119 MeV with 1/2 − and the one at 4236 MeV with 3/2 − . We see that there are two open thresholds, J/ψN and η c N below the state at 4119 MeV, as shown in Fig. 2 . We have performed calculations for the following two cases, (a) C = 3 and 4 (connected configurations) with only η c N and (b) C = 3 and 4 (connected configurations) with only J/ψN . The coupling of the η c N or J/ψN corresponds to the inclusion of c = 1 of Fig. 1 as it contains a configuration ofand cc linked by R 1 . The results are shown in Fig. 3(a) and 3(b) , respectively, where we demonstrate discrete eigenenergies as functions of α. There are about 30,000 basis functions, and thus about 30,000 eigenstates as discrete states. For the real scaling method, we scale the coordinate R (1) for C = 1 configuration by a scaling factor 1.0 < α < 1.5
As seen in Fig. 3(a) , we cannot find stable states around 4119 MeV: all eigenstates around this mass move towards the η c N threshold when α increases. This implies that the connected state at 4119 MeV strongly couples to η c N and melts away into the scattering state in the complete five-body calculation.
On the other hand, the connected state at 4236 MeV stays stable. A level repulsion (avoided crossing) is seen at α = 1.04 and α = 1.48. In the method of real scaling, the distance between the two levels at the repulsion point is related to the decay width. In the present case, the distances are small, which indicates that the state is a very sharp resonance where the connected state at 4236 MeV couples only weakly with η c N .
To know the nature of the two connected states better, let us see Fig. 3(b) which shows the result of the calculation with C = 3 + 4 + J/ψN configurations. Now we see the opposite situation from Fig. 3(a) . Namely, the connected state at 4119 MeV stays stable, while the one at 4236 MeV disappears.
From these observations, we may interpret that the state at 4119 MeV is dominated by η c and N clusters, and the one at 4236 MeV by J/ψ and N clusters. These clusters interact only weakly and cannot hold bound nor resonant states. The appearance of the bound states in Fig. 2 is due to the inclusion of only the connected diagrams, C = 3 and 4 of Fig. 1 . We have seen that the two lowest connected states, the one at 4119 MeV and the one at 4236 MeV disappear in the full five-body calculation, and that we do not have any resonant state in the energy region from 3900 MeV to 4300 MeV. We have repeated the same procedure to analyze each connected state given in Fig. 2 and summarized the results in Table III (a) for J P = 1/2 − and in Table III − . Figure 4(a) shows the result when only the scattering configurations C = 1 and 2 are included, while (b) is for the full calculation. As expected there is not resonance structure there. However, by including the "seed" in connected configurations C = 3 and 4, we − with the respect to the scaling factor α in the case of (a) only connected configuration of C = 3 + 4, and ηc + N configuration, and of (b) only connected configurations of C = 3 + 4 and J/ψ + N . find a resonance structure at around 4690 MeV as shown in Fig. 5 , which is identified with the Feshbach resonance with its seed as the bound state at 4708 MeV in the connected configurations. The same analysis for 3/2 − indicates that the resonance appears at around 4920 MeV with the seed at 4896 MeV. Now let us see how the above results depend on the choice of the Hamiltonian. For this purpose, we have also used the AL1 potential in Ref. [37, 38] . This potential also reproduces the ground states of the heavy mesons and baryons. We have found that the results of our fivebody calculations are essentially not modified, but with small changes in resonance masses, 4690 MeV for J = 1/2 − and 4920 MeV for J = 3/2 − . Finally, we would like to study the structure of the resonant state found in the present work. We have calculated the two-body correlation function ofand of cc for the state at E = 4690 MeV for J P = 1/2 − . The correlation functions are defined as
where r 1 and s 1 are the relative distance between two light quarksand cc, as illustrated in Fig. 1 , C = 1. The integral was performed at E = 4689 MeV with the scaling factor α = 1.05, A consistency was checked by integrating over either r 1 or s 1 , where we have verified that integrated normalization is 0.9999. Figure 6 shows the density distributions of r 2 ρand r 2 ρ cc as functions of the distance r = r = s . We find that quarks in the pentaquark resonance distribute only within a compact region. The peak positions indicate that the light quarks extend about 0.8 fm and the charmed quarks are restricted to about 0.2 fm, which is consistent with the sizes of the nucleon N and the charmonia J/ψ or η c .
IV. SUMMARY
Motivated by the observation of pentaquark system of P c (4380) and P c (4450), we solved the five-body scattering problem for the J P = 1/2 − and 3/2 − state.with Gaussian expansion supplemented by real scaling. Here we adopted non-relativistic quark model using AP1 potential proposed by Semay and Silvestre-Brac [37, 38] . The potential reproduces the experimental ground state energies of heavy mesons and baryons entering the openchannel thresholds relevant for the P c system.
The main message is the clear possibility of distinguishing genuine resonances of the model from artifacts of the discretization. This opens new perspectives for quark model calculations in the multiquark sector.
In our calculation, based on a simple model of quark dynamics, two narrow states emerge, with a compact structure. They lie at 4690 MeV for J = 1/2 − and at 4920 MeV for J = 3/2 − , too high in mass to be identified with any LHCb pentaquark. However, an improved quark model could probably lead to a better phenomenology. In particular, the model (2.1) is probed only for color singlet and antitriplet: the value of the potential in the sextet and octet color states can perhaps be modified, for instance by introducing three-or four-body forces. We believe that our method, namely a Gaussian expansion of the wave function supplemented by real scaling, can be used to more sophisticated models applied to the hidden-charm pentaquarks and to other multiquark configurations. 
